Abstract Gentianae Radix et Rhizoma (also called ''Longdan'' in Chinese) is commonly used for eliminating damp-heat and quenching the fire of liver and gall bladder in traditional Chinese medicine. In this study, a novel and reliable method using high-performance liquid chromatography (HPLC) was developed both for quantitative analysis of four bioactive compounds (loganic acid, swertiamarin, gentiopicroside and sweroside) and chemical fingerprint analysis of ''Longdan''. In quantitative analysis, four compounds showed good regressions (R 2 40.9987) within the test ranges and the recovery of the method was in the range 97.61À102.49%. In fingerprint analysis, ten characteristic peaks were selected to evaluate the similarities of the crude drugs, and the HPLC chromatograms of twenty samples from different regions of China showed similar patterns. The results demonstrated that the combination of the quantitative and chromatographic fingerprint analyses offered an efficient way to evaluate the quality consistency of Gentianae Radix et Rhizoma.
Introduction
Root and rhizome of four species, namely Gentiana manshurica Kitag., G. scabra Bge., G. triflora Pall. and G. rigescens Franch. are officially listed in the Chinese Pharmacopoeia as ''Longdan'' 1 . It is widely used to eliminate damp-heat, quench the fire of the liver and gall bladder and for the treatment of various ailments including jaundice, eczema and itching. The first three species are distributed in northeastern China and reputed ''Guanlongdan'' while the latter one is located in southwestern part and called ''Jianlongdan''. A number of compounds have been isolated from Gentianae Radix et Rhizoma to date. For examples, gentiopicroside and sweroside were identified from G. scabra 2 , and secoiridoidal glucoside was characterized in G. rigenscens 3 . Due to different cultivation areas, climatic conditions and other factors, its chemical constituents may vary significantly 4 . This variation makes it difficult to maintain consistency of the quality.
Considering its wide and important application but with obvious variations between samples, it is essential to develop a satisfied method for the comprehensive quality evaluation of Gentianae Radix et Rhizoma. Although some reports are concerned about the quality control of Gentianae Radix et Rhizoma, most of them are limited to the qualitative and quantitative analysis of several components rather than using chemical fingerprinting [5] [6] [7] . Recently, chromatographic fingerprints have been established using HPLC, HPTLC, GC and CE, and they are recognized rapid, reliable and sensitive for the identification and qualification of herbal medicines [8] [9] [10] [11] . Among the methods described above, HPLC is the most popular method and is widely used for fingerprint analysis.
In this paper, a combined method using both quantitative determination and HPLC chemical fingerprint analysis was developed to analyze four bioactive compounds in Gentianae Radix et Rhizoma, including loganic acid, swertiamarin, gentiopicroside and sweroside, and to assess the consistency of quality among twenty samples from different regions of China.
Experimental

Materials and chemicals
Twenty batches of crude drugs that meet the requirements of Pharmacopoeia of the People's Republic of China (2010 Edition) were collected from more than 14 cities and 3 different provinces in China and were summarized in Table 1 . These raw herbs were labeled according to their sources. All of them were identified by Prof. Shilin Chen, and the voucher specimens were deposited at the Institute of Medicinal Plant Development, Chinese Academy of Medical Sciences.
The reference compounds, loganic acid, swertiamarin, gentiopicroside and sweroside, were purchased from the Chengdu Mansite Pharmaceutical Co., Ltd. (Chengdu, China). The structures of these reference compounds are shown in Fig. 1 . The purity of these compounds was higher than 98% as determined by HPLC. HPLC-grade methanol and acetonitrile were purchased from Fisher (Fisher Scientific, Fairlawn, New Jersey). Deionized water was prepared using a Purelab Plus UV System (ELGA, UK). Other chemicals were of reagent grade.
Instrumentation and chromatographic conditions
Chromatographic analysis was performed using an Agilent 1200 series HPLC apparatus (Agilent Technologies, USA), which was equipped with a high-pressure binary-gradient solvent-delivery pump, a DAD detector, an auto-sampler, a thermostat column compartment and Chem-Station operation system (9.01 edition). The separation was obtained on an Agilent Zorbax SB C 18 column (4.6 mm Â 250 mm, 5 mm) at 25 1C. A linear gradient elution of A (methanol) and B (0.1% phosphoric acid) was used for the separation of the target analytes. The gradient program was as follows: 0-4 min, 25% A; 4-10 min, 25-35% A, and 10-20 min, 35-40% A. Each run was followed by an equilibration time of 10 min. The UV absorbance was monitored at 238 nm, and the solvent flow rate was maintained at 1.0 mL/min. All injection volumes of the samples and the standard solutions were both 5 mL.
Preparation of the sample solutions
The crude drugs were milled into powder (approximately 40 mesh) and dried in oven at 30 1C until the weight remained constant. Each of the finely powdered samples (0.5 g) was accurately weighed and added to 15 mL of 50% methanol. The mixture was precisely weighed and placed into an ultrasonic bath (40 kHz) at 60 1C for 60 min. After the mixture was cooled to the room temperature, 50% methanol was added to compensate for the lost weight during the extraction, and then the extracted solution was filtered. The filtrate was further filtered through a 0.45 mm membrane filter and injected into the HPLC system for analysis.
Preparation of the standard solutions
Standard stock solutions of the four compounds (loganic acid, swertiamarin, gentiopicroside and sweroside) were prepared in methanol. The standard solutions were diluted with water to eight concentrations for the construction of calibration plots in the ranges 24.82-1135, 11.81-540, 49-5160 and 14.11-645 mg/mL. All prepared solutions were stored in a refrigerator at 4 1C and brought to room temperature before analysis.
Data analysis
Similarity analysis (SA) was performed using Similarity Evaluation System for Chromatographic Fingerprint of Traditional Chinese Medicine software composed by the Chinese Pharmacopoeia Committee (Version 2004 A). The correlation coefficients of entire chromatographic profiles of the samples were calculated, while the simulative mean chromatogram was calculated and generated.
Results and discussion
Optimization of the extraction methods
Initially, ultrasonic and reflux extraction methods were investigated. The results suggested that an ultrasonic extraction was better than a reflux extraction; thus it was selected for use in further experiments. Second, various extraction conditions, including solvent, temperature, time and solvent volumes, were investigated using an orthogonal array design of L 9 (4 3 ). Three levels were studied for each of the four different extraction parameters. According to the total content of four compounds, ultrasonic extraction with water (15 mL) for 60 min at 60 1C was chosen as the optimal extraction condition.
Optimization of the HPLC conditions
HPLC conditions, including the mobile phase, column, detection wavelength and conditions for gradient elution, were investigated for the optimization of chromatographic conditions.
Three different types of HPLC columns were investigated, including the Zorbax SB C 18 column (4.6 mm Â 250 mm, 5 mm), the Zorbax SB-Aq C 18 column (4.6 mm Â 250 mm, 5 mm) and the Zorbax Eclipse XDB-C 18 column (4.6 mm Â 250 mm, 5 mm). The Zorbax SB C 18 column (4.6 mm Â 250 mm, 5 mm) was found to be the most suitable for the analysis as it provided better separation efficiency than the other columns. Therefore, it was selected in our method.
The HPLC mobile phase (methanolÀwater and acetonitrileÀ water) and the flow rate of the mobile phase (0.6, 0.8, 1.0 mL/ min) were also examined for comparison and optimization. MethanolÀwater with a flow rate of 1 mL/min provided a much better resolution than acetonitrileÀwater, and the four compounds was eluted within 20 min. The detection wavelength was set at 238 nm and the absorption spectra and 3D-plots of the 4 compounds were recorded between 190 and 400 nm.
Method validation of quantitative analysis
The method was validated for its linearity, the limits of detection and quantification (LOD and LOQ), precision, repeatability and recovery.
Linearity was examined using the standard solutions. A mixed stock solution containing the four analytes was prepared and diluted to the appropriate concentrations for the construction of calibration curves. Each calibration curve was injected in triplicate. The calibration curves were constructed by plotting the peak area (y) versus the concentrations (x, mg/mL) of the mixed standard solutions, which were expressed by the equation given in Table 2 . All calibration curves showed good linear regressions (R 2 Z0.9987) within the test ranges. The limits of detection (LOD) and quantification (LOQ) were determined by injecting a series of reference solutions until the signal-to-noise (S/N) ratio for each compound was 3 for LOD and 10 for LOQ, which are lower than 3.72 and 14.70 mg/mL, respectively.
Intra-and inter-day variations were utilized to determine the precision of the developed method. The intra-and interday variations of the method were determined by analyzing the six replicate samples (sample S7) within 1 day and on three consecutive days. The RSD values of the retention time and Figure 1 Chemical structures of the investigated compounds.
the peak area of the four compounds in the intra-and interday variations were less than 2.99%.
To confirm the repeatability of the method, six independently prepared solutions from the same sample (S7) were analyzed. The RSD values of retention time and the peak area were less than 0.42% and 2.48%, respectively.
The stability of the sample solutions was analyzed after storage for 0, 2, 4, 8, 12, 24 and 48 h at room temperature. It was found that the sample solution was stable within 48 h (RSDo1.34%).
A recovery test was used to evaluate the accuracy of the method. The standards of four compounds were spiked into the samples (0.5 g, S7) and then extracted, processed and quantified in accordance with the established procedures (Section 2.3). The average recoveries of the four compounds were 97.61À102.49%, with RSD less than 2.63%. These validation results indicated that the conditions used in the quantitative determination of the target compounds were acceptable.
Sample analysis
The developed analytical method was successfully applied to the simultaneous determination of four bioactive compounds in twenty samples. The target compounds were identified by comparing the retention time and UV spectra with those of standards. Representative HPLC chromatograms of the standard solutions are shown in Fig. 2 . The mean content (Table 3) of each sample was calculated from triplicate analysis by the external standard method. As shown in Table 3 , the total amounts of the four compounds varied from 0.84% to 15.69%. In these four compounds, loganic acid and gentiopicroside were the most abundant components. Obvious variation was observed in the levels of each compound among the twenty Gentianae Radix et Rhizoma samples. By comparison with the content limit of the qualified sample for Gentianae Radix et Rhizoma stated in the Chinese Pharmacopoeia (2010 edition, G. rigescens: 1.5%; G. scabra: 3.0%, w/w contents of gentiopicroside), three unqualified samples (15% of total samples) were found: S15, S19 and S20 were the samples below the limit for Gentianae Radix et Rhizoma according to the Chinese Pharmacopoeia. Species differences may be a factor influencing the chemical constituents. Another factor may be variations in environment, such as geographic location and climate. It is necessary to control the main active components in Gentianae Radix et Rhizoma by normalizing the materials processing for Chinese medicinal and obey good agricultural practice (GAP). The content of gentiopicroside in two cultivate G. rigescens samples (S16 and S17) was 41.5% in Yunnan province; it demonstrated that the cultivated G. rigescens meets the requirements of the Pharmacopoeia of the People's Republic of China (2010 Edition).
PCA analysis on the chemical markers
The principle component analysis (PCA) was performed on the characteristic chromatographic peaks in the HPLC fingerprints using software of The Unscrambler X 10.1 from Camo AS (Trondheim, Norway). PCA analysis on the 10 common peaks was obtained to find the possible chemical markers for discrimination of different samples. For the log-centered data set with 98% of explained variance by the first two principal components, the loading plot of the PCA indicated that peaks 4 and 8 may have more influence on the discrimination of the samples from different sources than other peaks (Fig. 3) . These two compounds (loganic acid and gentiopicroside) can Fingerprint analysis of Gentianae Radix et Rhizoma by HPLCbe chosen as the chemical markers for discrimination of the internal quality of Gentianae Radix et Rhizoma samples.
Method validation of fingerprint
To establish the reference fingerprint, twenty batches of Gentianae Radix et Rhizoma from different locations were analyzed using HPLC. Then, the results were processed using the aforementioned software. Six successive injections of the same sample (S7) solution were analyzed for the evaluation of the precision of the apparatus. The correlation coefficients between the reference HPLC fingerprint and the sample HPLC fingerprint were 0.999, 1, 1, 0.999, 1 and 1, indicating that the precision of the apparatus was satisfactory. Seven injections of the same sample solution stored for 0, 2, 4, 8, 12, 24 and 48 h were analyzed for the evaluation of sample stability. The correlation coefficients were 1, 0.999, 1, 1, 1, 0.999 and 1, indicating that the sample solution was stable within the tested time period.
Six solutions from the same sample were prepared using the same method and were injected individually to evaluate the repeatability of the method. The correlation coefficients were 1, 1, 0.999, 1, 0.999 and 1, showing the suitable repeatability of the analytical method.
HPLC fingerprint of Gentianae Radix et Rhizoma and similarity analysis (SA)
To obtain the standard fingerprint, twenty batches of samples were analyzed. Chromatograms of these samples are shown in Fig. 4(A) , and the reference fingerprint of Gentianae Radix et Rhizoma is shown in Fig. 4(B) . The peaks that existed in all Figure 3 Loadings plot of PCA for the ten peaks. The loadings plot was performed with the original peak areas of the ten peaks as input data, potetial markers were marked with a circle. twenty samples with reasonable heights and good resolution were assigned as ''characteristic peaks'' for the identification of the plant. The ten characteristic peaks that appeared within the 20 min elution time are shown in Fig. 4(B) . The similarities of the chromatograms of the twenty samples were compared to the reference fingerprint ( Table 3 ). The closer the cosine values approach 1, the more similar the two chromatograms are. If a similarity value over a certain value (for example, 0.95) was regarded as the threshold value for qualification, it is easy to identify the qualified samples based on the chromatographic fingerprint. The similarity values of the 17 samples are more than 0.950, except for S15, S19 and S20. The correlation coefficients of samples S19 and S20 coming from Qingyuan and Liaoning are 0.908 and 0.920, respectively, and that of S15 is the lowest (0.735) among these samples. This observed phenomenon indicates that species and sources of the samples have a significant impact on the internal quality of the Gentianae Radix et Rhizoma samples.
Conclusions
In the present study, a simple and accurate method has been established for the simultaneous determination of four major components in Gentianae Radix et Rhizoma. The established We are the first to use HPLC method for the quality control of Gentianae Radix et Rhizoma combining both quantitative and chemical fingerprint analyses. The combined evaluation may reflect more quality information on Chinese medicinal material than any individual evaluation method. It is a rapid and powerful tool to evaluate Gentianae Radix et Rhizoma comprehensively both in academic and practical aspects. These findings also provide additional scientific data for the establishment of good agriculture practices (GAP) and the selection of a geo-authentic crude drug for Gentianae Radix et Rhizoma.
